Abstract: The climate variability hypothesis assumes that the thermal tolerance breadth of a 1 species is primarily determined by temperature variations experienced in its environment. If 2 so, aquatic invertebrates living in thermally-buffered environments would be expected to 3 exhibit narrow thermal tolerance breadths (stenothermy). We tested this prediction by 4 studying the thermal physiology of 3 isopods (Asellidae, Proasellus) colonizing groundwater 5 habitats characterized by annual amplitude of temperature less than 1°C. The species 6 responses to temperature variation were assessed in the laboratory using five physiological 7 variables: survival, locomotor activity, aerobic respiration, immune defense and 8 concentrations of total free amino acids and sugars. The three species exhibited contrasted 9 thermal physiologies although all variables were not equally informative. In accordance with 10 the climate variability hypothesis, two species were extremely sensitive even to moderate 11 changes in temperature (2°C) below and above their habitat temperature. In contrast, the third 12 species exhibited a surprisingly high thermal tolerance breadth (11°C). 
water amphipod (i.e. Gammarus fossarum), without mention of the thermal variability 23 experienced by the three species in their natural habitats. 24 In this study, we determined the thermal tolerance breadth of three groundwater obligate 25 isopods colonizing habitats characterized by annual amplitude of temperature less than 1°C. 26
The behavioral and metabolic responses of these isopods were examined over a range of 27 temperatures (from 2°C to 26°C) by measuring five quantitative variables. Four of them -28 survival, locomotor activity, oxygen consumption and the concentrations of total free amino 29 acids and sugars -have been commonly used to determine the influence of temperature on the 30 fitness of ectotherms (Huey and Kingsolver, 1989; Angilletta et al., 2002; Pörtner, 2002 ; 31 measurement, we checked that NIR light did not significantly affect the behavior of the three 3
Proasellus species. Two rectangular aquaria (30-cm long, 10-cm wide) were filled to a height 4 of 3 cm with chemically-controlled aerated water and covered at 50% with a screen opaque to 5 NIR. For each population, ten individuals per aquarium were introduced at the boundary 6 between the covered and uncovered parts of the aquaria. After two hours under NIR light or 7 under control conditions (in darkness without NIR light), the distribution of the individuals 8 was recorded. This test was repeated 4 times for each population and each condition 9 (NIR/control). Results showed that the proportion of individuals recovered below the opaque 10 screen was not significantly different between NIR and control conditions (Student-t tests, p > 11
0.05). 12
For each population, alive animals collected at the end of the 5-day acclimation period were 13 introduced into glass beakers having a bottom area adapted to video recording (internal 14 
Measurement of oxygen consumption (aerobic metabolism) 27
Oxygen consumption of Proasellus was measured using a micro-respiration system 28 (UNISENSE, Aarhus, Denmark) according to Navel et al. (2010) . After video recording of 29 locomotor activity, each individual was transferred into a respiration chamber (volume: 4.2-30 4.5 ml) previously filled with chemically-controlled aerated water. Chambers contained a 31 stirring system (magnetic stirrer) that prevented any vertical gradient of dissolved oxygen into 32 water. Control chambers without animals were also prepared to determine background 33 microbial respiration in the experimental system. All chambers were immersed into athermoregulated bath to control temperature. Animals were inserted in respiration chambers 1 1 hour before starting the measurements to reduce the potential influence of animal stress on 2 respiration measurements. Dissolved oxygen was measured using a microsensor that was 3 inserted into each chamber without affecting the transfer of atmospheric O 2 into chambers. 4
Dissolved O 2 was measured every 1.5 hours during 9 hours. The rate of linear decrease of 5 oxygen concentration with time (from 0 to 9 h) was used to calculate the respiration rate of 6 each individual in μg of O 2 consumed per h. The respiration rates were corrected for 7 microbial respiration measured in control chambers and reported to animal dry mass. 8 9
Measurement of immune defense 10
The immune defense of Proasellus was assessed by measuring phenoloxidase activity in 11 haemolymph according to Rigaud and Moret (2003) . After oxygen respiration, each 12 individual was dried on a paper towel, sacrificed by inserting a fine inox tip into their brain, 13 and pricked in the abdomen to extract haemolymph. Animals were then transferred into 14 pierced 0.5 ml centrifuge tubes that were individually inserted into 1.5 ml pre-weighted 15 centrifuge tubes. The tubes were centrifuged at 800 g during 5 minutes at 4°C to collect 16 haemolymph. The mass of the 1.5 ml tubes containing haemolymph was determined to 17 evaluate the volume of collected haemolymph for each individual (assuming a haemolymph 18 density of 1 mg per μl). After centrifugation, haemolymph was used for immune defense 19 analyses. Remaining individuals after haemolymph extraction were frozen, freeze dried and 20 weighted for oxygen consumption calculations (see above) and analyses of total free amino 21 acids and sugars (see below). For each individual haemolymph extract, activity of naturally 22 activated phenoloxidase enzymes was measured using a spectrophotometric assay (Rigaud 23 and Moret, 2003) . Haemolymph was mixed with 9.5 μl of cold phosphate buffer saline (PBS, 24 8.74 g l -1 of NaCl, 1.78 g l -1 of Na 2 HPO 4 ·2H 2 O, pH 6.5) and centrifuged at 1,300 g for 5 25 minutes at 4°C. Five μl of the supernatant (or 5 μl of PBS for the blanks) were deposited in a 26 well of ELISA microplate and mixed with 140 μl of ultrapure water and 20 μl of PBS. Then, 27 20 μl of L-Dopa (3,4-dihydroxyphenyl-L-alanine, 4 mg ml -1 ) were added to each well to 28 initiate the reaction between phenoloxidase and L-Dopa which produces a quinone. The 29 reaction was allowed to proceed at 30°C in a microplate reader (VersaMax ELISA microplate 30 reader, Molecular Devices) for 1.5 hours. Readings were obtained every 30 s at 490 nm. The concentration of total free amino acids and sugars was measured in the four populations 5 using individuals acclimated at 4, 10 and 16°C, except for P. n. sp. 1 for which analyses were 6 only done at two temperatures (10 and 16°C) due to the low survival of this species at 4°C. 7
For each population, 2-3 individuals were pooled in each replicate (4-7 replicates per 8 experimental condition, depending on survival and individual masses) to obtain sufficient 9 material for the quantification of free amino acids (glycine, serine, ornithine, leucine, valine, 10 isoleucine, proline, glutamic acid, phenylalanine, putrescine and threonine), free sugars 11 (ribose, glucose, maltose and trehalose) and three other metabolites (ethanolamine, inositol, 12 glycerol). These compounds were extracted from lyophilized organisms according to Laparie 13 et al. (2012) . Pools of lyophilized animals were weighed and then homogenized in 300 μl of a 14 mix of methanol/chloroform (2:1) using a bead beating device (Retsch siloxane) was used with helium as the carrier gas at a rate of 1 mL.min −1 . MS detection was 2 achieved using electron impact. Ion source temperature was set to 250°C, and the MS transfer 3 line to 300°C. All samples were run under the SIM mode (electron energy: −70 eV). GC-MS 4 peaks were accurately annotated using both mass spectra (two specific ions), and retention 5 index specific to each compound. Randomized sample sequences were established for sample 6 injection, and each sequence was initiated with a quality control. Calibration curve samples 7 for pure reference compounds at 5, 10, 20, 50, 100, 200, 500, 750 and 1000
concentrations were run. Arabinose was used as an internal standard. Chromatograms were 9 deconvoluted using XCalibur 2.0.7. Then, metabolite concentrations were quantified using the 10 quadratic calibration curves for each reference compound and reported to animal dry mass. 11
12

Statistical analyses 13
For each population, survival values, expressed as a percentage, followed a normal 14 distribution. A Gaussian curve was adjusted to survival data (all R 2 were > 80%) in order to 15 determine the experimental temperatures delimiting 95% of survival for each population. relationship, Arrhenius activation energy (Ea in KJ mol -1 ) was determined using the following 31 formula: 32
where k is the rate of oxygen consumption and R is the gas constant (= 8.314 mol -1 K -1 ). The 1 slopes of the regression between 1/T and ln(MO 2 ) were compared among populations using 2 analyses of covariance (ANCOVA) to determine if populations had significantly different Ea. 3
Ea is an indicator of the energy needed by each population for living in thermally-contrasted 4 conditions. According to literature (e.g., Van Dijk et al., 1999; Pörtner, 2006), populations 5 having high Ea would be more susceptible to temperature change than populations with low 6
Ea. 7
The influence of temperature on concentrations of total free amino acids and sugars was 8 tested for each population using one-way analysis of variance (ANOVA) except for P. n. sp. 1 9 for which we used a Student-t test due to the lack of data obtained at a temperature of 4°C. A 10 between-group principal component analysis (Dolédec and Chessel, 1991) was run to 11 determine the free amino acids and sugars that were specifically affected by temperature 12 change in the four populations. This multivariate analysis aimed to maximize differences in 13 mean concentrations of free amino acids and sugars among groups defined here as the 14 combinations between all populations and temperatures. ADE 4 software (Thioulouse et al., 15 1997) was used to run the between-group principal component analysis. 16 
17
Results
19
Survival rates 20
No mortality was observed in control animals maintained at 10°C during the course of the 21 experiment. We obtained contrasted survival curves among the three species of Proasellus 22 ( Fig. 1 ). More than 90% of the specimens of P. valdensis survived exposures at temperatures 23 ranging from 2 to 13°C (Pv1), or from 7 to 16°C (Pv2). In contrast, the survival of P. n. sp. 1 24 and P. n. sp. 2 rapidly declined below 90% when temperature departed slightly from 10°C. 25
Only 67% and 47% of the individuals survived at 7°C for P. n. sp. 1 and P. n. sp. 2, 26 respectively. At 13°C, the survival rates of these two species were 84% (P. n. sp. 1) and 52% 27 (P. n. sp. 2). The thermal range over which 95% of individuals survived exceeded 11°C in P. 28 valdensis whereas it was lower than 4°C for P. n. sp. 1 and P. n. sp. 2 (Table 2) . 29
30
Locomotor activity 31
The locomotor activity of the four Proasellus populations was significantly influenced by 32 temperature (one-way ANOVAs, F (4,41) = 4.9 and p < 0.01 for P. n. sp. 1, F (6, 42) = 6.1 and p < 33 0.001 for P. n. sp. 2, F (7,84) = 4.4 and p < 0.001 for Pv1, F (6, 70) = 4.3 and p < 0.01 for Pv2).
Yet, locomotor activity was differentially altered among populations (Fig. 2) . One population 1 of P. valdensis (Pv1) maintained a similar activity at 7°C and 10°C (Tukey's post-hoc test, p 2 = 0.87), and decreased its locomotor activity at 4 and 13°C compared with that at 10°C 3 (Tukey's post-hoc tests, p < 0.05 for the two temperatures). For this population, velocity rose 4 up again at 19°C (Fig. 2) when thermal conditions became stressful as indicated by much 5 lower survival rates (< 70% Fig. 1) . The second population of P. valdensis (Pv2) reduced its 6 locomotor activity by more than 40% when temperature diverged from 10°C (Tukey's post-7 hoc test, p < 0.05 for comparison between 7 and 10°C, p < 0.01 for comparison between 10 8 and 13°C) and it did not show any increase in activity at highest temperatures. Locomotor 9 activity was the highest at 10°C and 13°C for P. n. sp. 1 and was significantly reduced at 7 (-10 53%) and 16°C (-55%) in comparison with activity measured at 10°C (Tukey's post-hoc tests, 11 p < 0.02 for comparison between 7 and 10°C, p < 0.04 for comparison between 10 and 16°C). 12
Proasellus n. sp. 2 showed the largest temperature range with no significant change in 13 locomotor activity from 7 to 16°C when compared to that measured at 10°C (Tukey's post-14 hoc tests, p > 0.8). 15
16
Oxygen consumption 17
Increased acclimation temperatures led to a significant rise in oxygen consumption in the four 18 populations (Fig. 3 ). An exponential relationship between oxygen consumption and 19 temperature was observed for all surviving individuals of the Pv2 population of P. valdensis, 20 P. n. sp. 1 and P. n. sp. 2. In contrast, individuals of the other population of P. valdensis 21 (Pv1), which survived at temperatures of 19°C and 22°C, no longer increased their metabolic 22 rates above 16°C. Arrhenius activation energies were determined for all populations using 23 data fitting the exponential curves. Pv1 had the highest activation energy (86.4 ± 18.2 KJ mol -24
1 , mean ± s.d.) whereas Pv2 showed the lowest value (42.4 ± 5.1 KJ mol -1 ). The two species 25 P. n. sp. 1 and P. n. sp. 2 presented intermediate activation energies (53.0 ± 9.9 KJ.mol -1 for 26 P. n. sp. 1 and 63.2 ± 9.5 KJ.mol -1 for P. n. sp. 2). Pv1 had a significantly higher activation 27 energy than the other populations (ANCOVAs, p < 0.01 for all pairwise comparisons between 28
Pv1 and other populations), which exhibited comparable activation energies among them 29 (ANCOVAs, p > 0.4 for pairwise comparisons between Pv2, P. n. sp. 1 and P. n. sp. 2). 30 was not significantly affected by temperature (one-way ANOVAs, F (7,80) = 1.6 and p > 0.15 1 for Pv1, F (6, 71) = 1.0 and p > 0.44 for Pv2). In contrast, temperature induced an immune 2 response in P. n. sp. 1 and P. n. sp. 2 (one-way ANOVAs, F (4,42) = 3.9 and p < 0.01 for P. n. 3 sp. 1, F (6, 42) = 7.2 and p < 0.001 for P. n. sp. 2). For these two species, phenoloxidase activity 4 was the lowest at 10°C and increased by more than 60% when temperature decreased to 7°C 5 (P. n. sp. 1 and P. n. sp. 2) or increased to 13°C (P. n. sp. 2) or 16°C (P. n. sp. 1). 6 7
Responses of total free amino acids and sugars to temperature 8
There was no significant effect of temperature on the concentration of total free amino acids 9 in the two populations of P. valdensis (Fig. 5 , one-way ANOVAs, F (2,15) = 2.0 and p > 0. 16 10 for Pv1, F (2,10) = 0.8 and p > 0.45 for Pv2). In contrast, their concentration was significantly 11
influenced by temperature in P. n. sp. 1 and P. n. sp. 2 (Student t-test, t (10 df) = 3.1 and p < 0.02 12 for P. n. sp. 1, one-way ANOVAs, F (2,10) = 28.3 and p < 0.001 for P. n. sp. 2), and decreased 13 when specimens were acclimated at 4 or 16°C compared to 10°C ( However, we found no significant effect of temperature on the concentration of free sugars in 18 P. n. sp. 1 (Student t-test, t (10 df) = 1.5, p > 0.15) for which no data could be obtained at 4°C 19 due to high mortality (Fig. 5) . 20
The C1 and C2 axes of the between-group principal component analysis explained 80.3% of 21 the inter-group variability contained in the data matrix, with 50.3% on the first axis (Fig. 6) . 22 Temperature changes from 10°C to 4°C or 16°C increased the scores of the two populations 23 of P. valdensis along axis C2 (Fig. 6A) . This was associated with a decrease in the 24 concentrations of glucose, maltose, trehalose, and glycerol and an increase in the contents of 25 phenylalanine, glutamic acid and ribose (Fig. 6B) . In contrast to P. valdensis, temperature 26 changes from 10°C to 4°C or 16°C increased the scores of P. n. sp. 1 and P. n. sp. 2 along 27 axis C1. For these two species, increasing scores along axis C1 reflected a decrease in the 28 concentrations of several free amino acids including glycine, serine, ornithine, leucine valine,The present study demonstrates that physiological responses to temperature variation differ 1 greatly among species of subterranean isopods belonging to the Proasellus genus. The 2 thermal breadth delineating a 95% survival was 3-fold higher for the two populations of P. 3 valdensis (>13.0°C for Pv1 and 11.4°C for Pv2) compared to P. n. sp. 1 and P. n. sp. 2. The 4 climate variability hypothesis (Stevens 1989 ) was supported by the low ranges of thermal 5 tolerance observed in P. n. sp. 1 and P. n. sp. This study also showed that all physiological variables were not equally efficient to evaluate 26 the thermal sensitivity of our subterranean organisms. The response of immune defense to 27 temperature was congruent with the survival rates of the two species P. n. sp. 1 and P. n. sp. 28 2: the phenoloxidase activity increased at temperatures inducing mortality higher than 25% 29 (Fig. 4) . Phenoloxidase activity is known to play a key role in recognition of / and defense 30 against microbial infections in crustaceans (Södehäll and Cerenius, 1998) . Matozzo et al.
as a pertinent method to detect their level of thermal stress. The response of total free amino 1 acids to temperature changes in the four populations was congruent with survival rates and 2 immune responses. Data on survival rates and phenoloxidase activity showed that P. n. sp. 1 3 and P. n. sp. 2 did not perform well at temperatures of 4 and 16°C, for which the amounts of 4 free amino acids and sugars were significantly reduced in comparison with the amounts 5 measured at 10°C in these two species. The large cold-and warm-induced decreases of 6 amino acids and sugars might have resulted from an alteration of the metabolic network 7 and/or from a reduced energetic investment to reproduction (Harshmann and Zera, 2006; 8 O'Brien et al., 2002) at these stressful temperatures for both P. n. sp. 1 and P. n. sp. 2.. In 9 contrast, the two populations of Proasellus valdensis were less vulnerable to temperature 10 changes, and the amounts of free amino acids remained similar among specimens exposed at 11 4, 10 and 16°C. A decrease in total free sugars was detected at 4 and 16°C compared to 12 specimens maintained at 10°C for three of the four studied populations. Free sugars represent 13 essential compounds that fuel the energetic metabolism. From 10 to 16°C, the aerobic 14 metabolism was enhanced, increasing the energetic demand at the whole organism level. The 15 reduction of sugar amounts, and more particularly glucose, suggests that these metabolites 16 were more rapidly catabolized and that the intermediary metabolism was not able to The variations of intermediary compounds of the tricarboxylic acid cycle, which represent 30 useful biomarkers of physiological adjustments in cold-exposed arthropods (Michaud et al.,Locomotor activity measured for the three species did not respond similarly to temperature 1 than survival rate, immune defense and concentrations of total free amino acids and sugars 2 did. For instance, the endemic species P. n. sp. 2 which showed little capacity of survival to 3 temperatures different than 10°C, maintained a similar locomotor activity at temperatures 4 ranging from 7 to 16°C. In addition to the technical challenge of accurately measuring the 5 movement of these five-millimeter long arthropods in the dark, and despite numerous studies 6 using locomotor activity as a proxy of isopods' performance (Lagerspetz and different behavioral strategies to cope with temperature changes. Indeed, the two populations 14 of P. valdensis and P. n. sp. 1 presented a narrow peak of locomotor activity around 10°C (7-15 10°C for Pv1, 10°C for Pv2 and 10-13°C for P. n. sp. 1), whereas the locomotor activity of P. Like locomotor activity, the change in oxygen consumption during temperature variation was 26 not linked to thermal tolerance breadth as determined by survival rates, immune defense and 27 concentrations of total free amino acids and sugars. The prediction of a negative relationship 28 between activation energy and thermal tolerance breadth was not validated as the most 29 tolerant population (Pv1) according to survival rates exhibited the highest activation energy. 30
Moreover, there was a two-fold difference in activation energy between the two populations 31 of P. valdensis. Nevertheless, the exponential increase in oxygen consumption with 32 temperature observed in Proasellus species was coherent with the Boltzmann-ArrheniusKingsolver, 2011). This exponential relationship suggested that the survival of Proasellus 1 species at low and high temperatures depended on the ability of these isopods to satisfy their 2 aerobic metabolic demand (Pörtner, 2010). The unique exception to this relationship was 3 represented by population Pv1, the aerobic metabolic rate of which fell below the exponential 4 curve of activation energy at high temperature (19 and 22°C). However, one should note that 5 a temperature of 22°C was lethal to all individuals except those of this population. The 6 physiological model developed by Pörtner (2010) would attribute this departure from a 7
Boltzmann-Arrhenius relation to a shift from aerobic to anaerobic metabolism, when energy 8 demand cannot longer be satisfied by environmental oxygen availability. This temperature-9 mediated shift in metabolism could be checked by analyzing major end-products of anaerobic 10 metabolism (e.g., lactate, succinate) in individuals of Pv1 exposed to high temperatures. 11
In summary, differences in physiological traits among groundwater species was best 12 evaluated using survival as a surrogate for measuring their thermal tolerance breadth and 13 immune defense and concentrations of free amino acids and sugars to detect sub-lethal effects 14 of temperature variation. narrowly-distributed species colonizing deep groundwater habitats would be expected to have 3 a narrow thermal niche breadth because they experience both little seasonal and spatial 4 variation of temperature. We explored the likelihood of these predictions using available data 5 for five groundwater species (Table 3) . Thermal niche breadth of populations did not 6 significantly relate to the seasonal amplitude of temperature in the habitats (Pearson 7 correlation, R 2 =0.24, p=0.31). However, thermal niche breadth increased significantly with 8 increasing temperature heterogeneity when the latter was measured as the maximum value 9 between seasonal amplitude and spatial heterogeneity of temperature over the species 10 geographic range (Pearson correlation, R 2 =0.95, p<0.001, thermal niche breadth = 1.18 * 11 temperature heterogeneity + 0.22). Clearly, additional data from multiple species are critically 12 needed to validate this relationship, but it provides both an expanded perspective of the 13 climate variability hypothesis and a working methodology for explaining differences in 14 thermal niche breadth among groundwater organisms. 15
The present study also has implications for assessing the risk of species extinction due to 16 global warming. Although our results derive from an experimental rise of temperature that is 17 considerably higher than the present-day increase in air temperature, they emphasize the 18 double sensitivity of narrowly-distributed species colonizing deep groundwater habitats. 19
Indeed, populations of P. n. sp. 1 and P. n. sp. 2 not only have little physiological capacities 20 to respond to fast temperature changes, but they also benefit from a reduced number of 21 thermally suitable habitats that could act as thermal refuges during climate change. Thus, the 22 extinction risk of these groundwater endemics is critically higher than that of widely 23 distributed species, the populations of which exhibit wider thermal niche breadth and dispose 24 of many potential thermal refuges. Yet, a major difficulty in determining the fate of 
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Figure 6
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT Proasellus n. sp. 1 8.6 ± 0.7 11.8 ± 0.7
Proasellus n. sp. 2 9.4 ± 0.8 11.0 ± 0.7 (1) corresponding to the highest value between the seasonal fluctuation of temperature in the habitat and the range of mean annual temperature in the species geographic range (2) Papers used for assessing thermal niche breadth, seasonal amplitude of temperature in the natural habitat, temperature range experienced by populations in the species geographic range, and the significance of dispersal among populations
